Abstract: Traps were used to quantify charcoal production and transport during three experimental forest fires in Boreal Scandinavia. The traps were spatially arranged to collect charcoal particles inside burn areas, and outside burn areas at different distances (0.1-100 m) from the fire edge. The number of inside and outside traps was 280 and 424, respectively. Trap area was 48 cm 2 . After the burn, trap content was sorted and sieved in two size-classes of charcoal particles, namely small (0.5-2.0 mm) and large (Ͼ 2.0 mm), and number and mass of particles were determined. The production and distribution of charcoal were highly variable at fine spatial scales inside burn areas. On average, inside traps contained 12.1 small and 10.1 large particles, and the average charcoal mass was 0.112 g per trap (corresponding to 235 kg ha −1 ). The largest size-class made up 94% of the mass. Outside traps contained 0.3 small and 0.1 large particles per trap, and 45% of the outside particles were distributed Ͻ 1 m from the fire edge. It is concluded that the occurrence of macroscopic charcoal (Ն 0.5 mm) in forest soils provides a solid evidence for local fire influence, and that the presence of large charcoal particles can be used to distinguish between fire-prone and fire-free areas with high spatial precision.
Introduction
As an ecosystem process, fire has been generally important in Boreal forests, although not equally important over time and between forest types. Interpretation of temporal and spatial changes in fire importance requires knowledge of the relationship between production and transport of charred particles during fires and the charcoal record in sediments. Our knowledge on how small particles (Ͻ 2 m) move and become deposited is increasing, mainly due to the work by atmospheric scientists (Clark et al., 1998, and references therein) . Small particles could be lofted to low or great heights from nearby or distant fire sources. This makes it difficult to know if their occurrence in a sediment originates from a nearby or a distant fire source. In contrast, presence of large charcoal particles should indicate a nearby source (Clark, 1988a) . However, there is a lack of measurements on large-particle production (Clark et al., 1998) and this has led to inconsistent speculation on how to interpret the occurrence of large particles. For example, does a sporadic occurrence of a few large charcoal particles indicate a local fire, or are they simply unimportant because they are few? It has, nonetheless, been suggested that large particles in a forest soil or a peat deposit indicate the occurrence of a local fire event (Tolonen, 1985; Hörnberg et al., 1995; Segerström et al., 1996; Ohlson and Tryterud, 1999) , but transport has not been measured. Some large charcoal particles must, however, be transported as they occur in lake sediments distant from a fire source (Whitlock and Millspaugh, 1996) . The only study we know of that has quantified production, transport and deposition of large charred particles during a forest fire event is Clark et al. (1998) . By the use of 21 traps to collect charcoal at different distances from an experimental burn, they have shown that particle flux to the ground declined sharply within 5 m distance from the burn edge. The burn studied by Clark et al. (1998) was of very high intensity, and as no single forest fire can be taken as representative there is a great need for more information on the quantity of large charcoal particles produced and transported by different types of burn. Such information would certainly help to interpret the abundance in lake sediments, peat deposits and forest soils. In particular we need more information on how large charcoal particles are spatially distributed in relation to the small-scale mosaic of burned and unburned areas that often characterize fires in the Boreal forest (Schimmel and Granström, 1996; . There are two generally important questions. (1) Does a lack of large charcoal particles (Ն 0.5 mm) in a forest soil profile indicate the absence of local fires (cf. Hörnberg et al., 1995; Ohlson and Tryterud; 1999) ? (2) How large is the probability of finding large charcoal particles in areas that have not burnt, and how does this probability depend on the distance from the fire edge? Moreover, since it recently has been indicated that charcoal has a key ecological function in Boreal forests (Zackrisson et al., 1996 , Wardle et al., 1998 , it is also of a general ecological interest to document the amount of charcoal produced by forest fires.
In this study we have used traps that were located in three different forest stands prior to experimental burning. The traps were arranged spatially to collect charcoal particles inside a burn, as well as outside a burn at different distances from the fire edge. The number of traps inside and outside the burns was 280 and 424, respectively, which should provide sample sizes large enough to eliminate the noise typically occurring if an estimation of the distribution of large particles is based on only a few samples (Clark and Hussey, 1996) . Our specific aim was threefold. First, to determine the number and distribution of large charcoal particles of two different size-classes, i.e., 0.5-2.0 mm and Ͼ 2.0 mm. Second, to determine the mass of charcoal produced. Third, to estimate a relationship between occurrence of large particles and fire-edge distance.
Study sites and burn characteristics
Three Boreal forest areas, two in Norway, and one in Sweden (Figure 1 ), were experimentally burnt under safe conditions during the summer of 1997. The burn areas represented forest types that are common in northern Europe and northwestern Asia.
Site 1 (Sautjern) was 4.2 ha and situated in eastern Norway (61°00Ј N, 12°07Ј E, altitude 500-505 m). The tree-layer was dominated by mature Pinus sylvestris and Picea abies with some Betula pubescens interspersed. Basal area was Ϸ 10 m 2 . Low ridges and shallow depressions characterized the microtopography. Vaccinium myrtillus was the most common species in the ground vegetation, but Vaccinium vitis-idaea and Calluna vulgaris dominated on the driest ridges, while Sphagnum mosses and Rubus chamaemorus dominated in damp depressions, the largest being a spruce swamp forest along a small brook running across the site. The ridges and depressions were clearly reflected after the fire since the most damp ground vegetation had not burned. Fire affected directly approximately 65% of the site area. A slight single tree felling, cutting both juvenile and mature trees, was executed the year before the burn. All cutting waste was spread evenly over the cut area. Crown fires developed several times, but only in single trees -there was no jumping of fire from crown to crown. Fire severity was high under mature spruce trees where dry litter had accumulated. Here, spruce roots became fully exposed and the trees died in the subsequent year. Velocity of wind (eastern) was 0-3 m s −1 during the burn. Site 2 (Eggåsen) was 30 ha and situated in eastern Sweden (61°06Ј N, 15°59Ј E, altitude 320-330 m). About 80% of the area was cut during the winter of 1996/97 and mature Pinus sylvestris were left at a density of 25 trees ha −1 to serve as seed trees (basal area Ϸ 3 m 2 ). All cutting waste was spread evenly. The remaining part of the forest was not cut at all. Here, the basal area was Ϸ 20 m 2 and mature Pinus sylvestris trees dominated the forest. A few and scattered Picea abies and Betula pubescens also occurred. The ground vegetation was characterized by Vaccinium vitisidaea, V. myrtillus, Calluna vulgaris and Pleurozium schreberi (a feather moss). On the day of the burn, both ground vegetation and cutting waste were dry and caught fire easily, and a northernnorthwestern wind was blowing steadily (5-10 m s −1 ) during the burn. The burn ran through the site with high intensity, in some areas also with high severity, and affected directly Ͼ 95% of the 30 ha area. Occasionally, crown fires, two times as high as the trees, developed ( Figure 2 ). Still, the burn was considered a ground fire, since crown fires were rare. The only patches not affected were three small swamp forest stands in the uncut part. Site 3 (Trehørningen) was 0.8 ha and situated in southeastern Norway (60°02Ј N, 10°26Ј E, altitude 385-390 m). The tree-layer was co-dominated by mature Pinus sylvestris, Picea abies and Betula pubescens. A selective cutting was performed the year before the burn. All cutting waste was spread evenly. Basal area was Ϸ 6 m 2 after the cutting. The ground vegetation was dominated by Vaccinium myrtillus and site conditions were generally moist. On the day of the burn, the cutting waste was dry but the ground vegetation was not. The waste burned at high intensity and severity, while the rest of the site was slightly burned and only a few small trees experienced crown fires. Fire affected directly c. 40% of the site area. Velocity of wind (eastern) was 1-5 m s −1 during the burn.
Figure 2
The fire at site 2 was an intense ground fire that locally developed into crown fires by a steady wind from the north (from right to left in the picture).
Material and methods
Baking tins of aluminium were used to trap charred particles produced by the fires. In total 740 traps were used. Each had a circular area of 47.8 cm 2 ; depth was 3 cm. At each site, the traps were arranged systematically prior to the burn to cover different spatial scales. Traps were located both inside and outside of the planned burn area. Outside traps were arranged in transects with different orientation and distance from the burn edge ( Figure 3 ). We countersank the traps into the forest soil so that the organic surface soil would not burn down to a level lower than the brim of the charcoal trap. We used a stainless-steel tube with inside diameter 9.7 cm and sharpened at one end, to make 5-15 cm deep holes in which to countersink the traps. The depth was chosen according to expected fire severity, which was estimated from moisture conditions and fuel accumulation. However, soil properties limited our possibility to countersink all traps as deeply as we wished, and the burns destroyed 36 traps. Our analysis is thus based on data from 704 traps (426 at site 1, 238 at site 2 and 40 at site 3). After the burn, we closed the traps by folding the brim together. Large charred wood structures, i.e., twigs, were carefully cut to sample only the part inside the trap. We measured the distance from the traps to the nearest burn edge (0.1 m accuracy within the nearest metre, and 1 m accuracy at larger distances). Traps that were burnt over are referred to as 'inside traps', and all other traps that were not burnt over will be called 'outside traps'. The traps were handled with care to keep from altering the size of the charred particles trapped, and they were stored in a freezer until their contents were analysed.
The samples were dry-sieved in a 0.5 and a 2.0 mm mesh to obtain two size-classes, namely small (0.5-2.0 mm), and large (Ͼ 2.0 mm). The sieved samples were dispersed in petri-dishes and we used a stereo microscope (6-20× magnification) to sort out charcoal. Completely black and opaque particles with angular broken ends, often with a silver-shining surface showing woodcell structures were classified as charcoal. Non-wood fragments, i.e., needles and leaves, were dismissed. These are conservative criteria (Clark, 1988b) , and they result in an underestimation of the total amount of charcoal (Patterson et al., 1987) . However, particles of non-wood origin are, according to our experience, rare in the macroscopic charcoal record of forest soils, and the conservative criteria used are supposed to give realistic estimates as regards persistent charcoal particles Ͼ 0.5 mm.
The charcoal particles were again dispersed in petri-dishes and then counted. We counted all charcoal particles in the two sizeclasses and used dishes with a grid base to facilitate counting. The counted particles in each size-class were then dried at room temperature and weighed (Mettler AE 200 S, Mettler Instrumente AG, Zürich, Switzerland) to determine charcoal mass. A small pilot study was done to test if the sieving affected the size of the charcoal particles. A set of small and large particles was sieved and counted five times. The first sieving and counting gave 81 small and 12 large, and this result did not change until the fifth sieving, when the 81 small particles were reduced to 79. Thus, it is not likely that our gentle sieving affected particle size.
The number of charcoal particles and the mass of the particles were each subjected to ANOVA. Particle-size class and site were used as factors. Only data from inside traps were used in the ANOVA. Examination of variable distributions revealed strong positive skewness (Table 1 ) and we log-transformed the variables to achieve an approximation to normality. Since transformations could not entirely correct the non-normal distributions, we also analysed our data with non-parametric statistical methods. However, none of these analyses gave results (data not shown) that contradicted those from the ANOVA. Thus, the ANOVA was used for simplicity. The traps were grouped in three categories according to their position relative to the fire edge: inside traps; traps Ͻ 1 m from the fire edge; and traps Ն 1 m from the fire edge. Chi-square ( 2 ) tests and calculated odds ratios were used to estimate the strength of the relationship between charcoal observations and position relative to fire edge. Odds ratios were calculated from a model based on binomial distributions. Calculations were done using the software SAS (Release 6.12 TS Level 0025, SAS Institute Inc. , Cary, NC, USA).
Results
For the three burns, 280 traps were located inside and 424 traps outside burned areas. There was a marked difference in the amount of charcoal between inside and outside traps. In inside traps, the average number of charcoal particles Ն 0.5 mm per trap was 22.2, while the corresponding number for outside traps was 0.4. The number of particles per inside trap was highly variable (Table 1) , and the variation occurred at fine spatial scales as the number of charcoal particles was highly variable between neighbouring traps (Figure 4) .
The average mass of charcoal in inside traps was 0.112 g, and 0.003 g in outside traps. Also the mass per inside trap was highly variable and reached a maximum of 3.25 g ( Table 1 ). The average and maximum mass per trap corresponds to a charcoal production of 235 and 6800 kg ha −1 , respectively. There was a significant difference in total mass between the two size-classes of charcoal (Table 2) . Actually, 94% of the charcoal mass consisted of particles Ͼ 2.0 mm, but the mass of charcoal produced did not differ between the sites (Table 2 ). In contrast, both the number of particles produced and their size-class distribution differed between the sites (Table 2) because the burn at site 3 produced a large number of particles in the smallest sizeclass (Table 3) .
The relationship between number of particles and distance from burn was very clear for both particle size-classes. Practically all Table 3 Mass and number of charcoal particles produced inside burn areas by three forest fires. The size-class 'small' consists of particles 0.5-2.0 mm, and 'large' of particles Ͼ 2.0 mm. Values are mass of and number of particles 47.8 cm −2 , respectively (mean ± SE) Site Size-class of charcoal Small Large Mass 1 0.006 ± 0.001a 0.093 ± 0.025b 2 0.007 ± 0.001a 0.116 ± 0.027b 3 0.020 ± 0.006ab 0.058 ± 0.019ab Number 1 7.0 ± 1.3a 7.6 ± 1.7a 2 11.6 ± 2.2ab 11.7 ± 1.2b 3 80.7 ± 34.3c 10.7 ± 3.4ab
Note: mean values followed by the same letter do not differ significantly (P Ͻ 0.05) according to Tukey's multiple range test.
Figure 5
The relationship between number of charcoal particles deposited and distance from burn edge. Small particles are 0.5-2 mm and large are Ͼ 2.0 mm.
variation in particle number was contained in the inside traps ( Figure 5 ). For the 424 outside traps, the trendline regression y = 0.58-0.007x indicated that there was no relationship between the distance from fire edge and number of particles deposited ( Figure  5 ). In contrast, the proportion of outside traps containing charcoal and the size-class distribution of charcoal were related to the distance from the fire edge. In inside traps the frequency of charcoal observations was equal for the size-classes ( (Figure 6 ). The overall proportion of charcoal observations (both sizeclasses) was 86.4% in inside traps and 6.6% in outside traps, and the odds of charcoal observation in inside traps was 90 times the odds of charcoal observation in outside traps. An occurrence of some few charcoal particles Ն 0.5 mm was a firm indication of fire presence (Table 4) .
Discussion
We have shown that the production and deposition of charcoal particles Ն 0.5 mm by forest fires are highly variable at fine spatial scales. In spite of this pronounced spatial variation, it is, however, clear that practically no charcoal particles Ն 0.5 mm were Figure 6 Proportions of traps with small and large charcoal particles at different distance from the burn edge. Small particles are 0.5-2 mm, and large are Ͼ 2.0 mm. Different letters above a pair of bars indicate significant difference (P Ͻ 0.05) according to a chi-square test. Table 4 Proportion of traps with few (1-5) charcoal particles as compared to traps with no (0) particles in relation to trap location inside or outside the burn edge. Small particles are 0.5-2.0 mm, and large particles are Ͼ 2.0 mm. Chi-square tests for independence in the 2 × 2 tables are calculated separately for the small and large particles, respectively. Also, odds ratios are calculated separately for each particle size-class, and it shows the odds of having a burnt over trap given observations of few charcoal particles relative to observations of no charcoal particles distributed outside burn areas. The marked discrepancy between inside and outside traps (Table 1) , the relationship between particle number and distance from fire edge ( Figure 5 ) and the odds of charcoal observations in inside versus outside traps support this statement. Consequently, we draw the conclusion that the occurrence of charcoal particles Ն 0.5 mm in forest soils is a solid and reliable evidence for local fire influence, and that the presence of such particles can be used to distinguish between fire-prone and fire-free areas with very high spatial precision. A combination of stratigraphic data on large charcoal particles, macrofossils and pollen, from so-called closed-canopy sites, which are used to study local vegetation dynamics (Jacobson and Bradshaw, 1981; Bradshaw, 1988) , has thus the potential to reveal details on fire disturbance and vegetation development on spatial scales with a resolution of approximately 1 m. However, an absence of large charcoal particles must be more carefully interpreted than an occurrence, since 38 out of 280 inside burn traps contained no charcoal particles Ն 0.5 mm. In our study, 20 of the inside traps that lacked charcoal originated from site 1, where a combination of small amount of fuel, fuel that produced no charcoal (i.e., lichens, mosses and grasses) and low fire intensity may explain this pattern since the relationship between fuel accumulation and fuel consumption is the key determinant of charred-particle production (Clark et al., 1998) . Forest-fire performance is, however, extremely variable (Schimmel and Granström, 1996) and our three burns are neither more nor less typical and representative than any other single burn. Nonetheless, if our results are representative for Boreal Scandinavian forests, the lack of charcoal in inside burn traps implies that the probability of missing a fire event by traditional sampling of a single sediment core is about 14%, presupposed that no charcoal transport occur after a fire. Previously published results on long-term fire frequencies in Boreal Scandinavian forests, i.e., Hörnberg et al. (1995; , Ohlson et al. (1997) and Ohlson and Tryterud (1999) , that are based on macroscopic charcoal analysis in single cores, are thus probably slightly conservative estimates of historical fire frequencies. In this context it is important to note that several post-fire processes could influence whether macroscopic charcoal is present in the soil at a particular location. Surface flow, wind and soil processes might transport charcoal from its original settling place. For example, charcoal transport to lakes can continue for several years after a fire (Whitlock and Millspaugh, 1996) . It should also be noted that our trap method may result in a slight underestimation of the actual charcoal deposition as the charcoal trapped originated from material outside of the traps. However, due to the small size of the traps (7.8 cm diameter), we consider this a minor bias. Charcoal from wildfires in the Boreal forest has a key ecological function in its rejuvenating effects on soil properties and tree seedling growth (Zackrisson et al., 1996; Wardle et al., 1998) . The mass of charcoal in fire-prone northern forests of Boreal Scandinavia has been estimated to range from c. 1000 to 2000 kg ha −1 , and it has been suggested that charcoal should be very persistent in Boreal forest soils (Zackrisson et al., 1996) . However, given long-term persistence of charcoal, an average natural wildfire return period of 80 years (Zackrisson, 1977) , a Holocene Boreal forest history of 8000 years (Bradshaw et al., 1997) , and that a single fire event on average produces 235 kg charcoal ha −1 (Table 1) , this implies that the mass of charcoal should be 23 500 kg ha −1 , which is a figure ten times above the amount estimated by Zackrisson et al. (1996) . In this context it should also be mentioned that a high-intensity burn in a pine forest in Siberia produced 735 kg particles ha −1 (Clark et al., 1998) . Of course our example is a generalized simplification; we know that fire-return intervals have been highly variable in a long-term time perspective (Korsman and Segerström, 1998) and that it is difficult to define truly natural wildfire-return periods owing to a complex and extensive human impact (Clark and Royall, 1996; Segerström et al., 1996) . Nevertheless, we suggest that the charcoal produced by a fire event is less persistent in Boreal forest soils than previously supposed. We suggest this for the simple reason that there ought to be much more charcoal in the forest soil if charcoal was very persistent. Zackrisson et al. (1996) , however, found no relationship between the mass of charcoal in the forest soil and the time since last fire, which varied from 2 to 345 years, which indicates high persistence and that biological decomposition may be insignificant. It seems thus more likely that each fire event consumes a proportion of the charcoal produced by previous fires. To our knowledge, no studies have shown how a forest fire impacts the amount of charcoal that was present in the forest soil before the fire. Such information is needed to fully interpret abundances of charcoal in forest soils. It must also be considered that the quantitative analysis of sediment records of biomass burning is notoriously difficult (Clark et al., 1997) . The accuracy of the HNO 3 oxidation method used by Zackrisson et al. (1996) is not known yet, although preliminary results from careful (very timeconsuming), manual sorting of forest soil samples (M. Ohlson, unpublished data) indicate that the figures in Zackrisson et al. (1996) may be slightly low.
Prescribed burning has become popular to mimic natural forest dynamics in the new Scandinavian forestry (Fries et al., 1997) , which is eager to claim its ecological sustainability. A stereotypic and indiscriminate use of fire, often motivated from a vague ecological perspective, might, however, be biologically detrimental in forest ecosystems that have developed without the presence of local fires. We do not know yet the areal extention of such forest ecosystems in Scandinavia, but pine forests in NW Sweden , as well as spruce forests in different parts of both Sweden and Norway (Hörnberg et al., 1998; Ohlson and Tryterud, 1999) are known to be non-pyrogenic. In this study, we have shown that occurrence of macroscopic charcoal is a reliable evidence for local fire influence. As it is easy to recognize macroscopic charcoal in a forest soil profile, we argue that it is important to check for the occurrence of macroscopic charcoal before any form of prescribed burning is applied.
